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FOREWORD 

This report was prepared by the Pratt & Whitney Aircraft Division of 
United Aircraft Corporation under Contract NAS3-11159. 

The contract was administered by the Air-Breathing Engine Procurement 
Section of the National Aeronautics and Space Administration, Lewis Research 
Center, Cleveland, Ohio. 

The period of performance for the contract was June 1968 through 
August 1972. This report summarizes the technical effort performed during 
the period September 1971 through August 1972. The earlier phases of the 
contract are discussed in references 1 and 2. 
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SUMMARY 


An exhaust emission survey has been conducted on a double-annular ram- 
induction combustor operating at simulated ground idle conditions. The combustor 
was designed for a large augmented turbofan engine capable of sustained flight 
speeds up to Mach 3.0. The emission levels of total hydrocarbon (THC), carbon 
monoxide (CO), carbon dioxide (CO 2 ) and nitric oxide (NO) were determined. 

Testing was conducted in a full-scale, 90-deg (1.57 radian) sector rig. The 
test conditions were set at a combustor inlet pressure of two atmospheres and at 
inlet temperatures and reference Mach numbers from 200 °F (366 °K) to 350 °F 
(450°K) and 0.06 to 0.08, respectively. Emission data were obtained both with 
a stationary, 5-point sample rake located in the test rig exhaust duct well down- 
stream of the combustor outlet, and with a circumferentially traversing, 5-point 
sample rake located in the combustor outlet. The traversing data taken in the 
combustor outlet, when averaged, compared closely with the stationary rake 
data taken in the exhaust duct where the combustion products were well mixed. 
However, large circumferential variations in emission levels were observed 
with the traversing rake in the combustor outlet. Thus, a small number of 
stationary probes at this location could give highly erroneous results. 

Previously reported development efforts on this combustor have resulted in 
a configuration with good performance at the sea level takeoff and cruise design 
points (references 1, 2 and 3). The effort reported herein investigated various 
methods of reducing the emissions of the objectionable pollutants, THC and CO, at 
the ground idle condition by: (1) fuel zoning, whereby a portion of the combustor 
fuel nozzles are shut down, and all of the fuel passed through the remaining noz- 
zles, and (2) fuel nozzle design. Three nozzle designs were tested: (1) a conven- 
tional pressure atomizing nozzle, (2) an air blast nozzle in which the fuel was 
atomized by a stream of high velocity air; the airflow driving potential being 
normal combustor pressure drop and (3) an air assist nozzle which also atomized 
the fuel with high velocity air, but with the air supplied by an external source. 

The effect of combustor inlet temperature and reference Mach number on the ex- 
haust emissions was also investigated. 

Fuel zoning proved to be very effective in reducing the emission levels of 
the objectionable pollutants. At an overall combustor fuel/air ratio of 0. 007, 
fuel zoning reduced THC emissions by a factor of 5 to 1. The reduction in THC 
emissions is attributed to the increase in local fuel/air ratio provided by the 
fuel zoning. An alternative method of increasing fuel/air ratio would be to 
operate with larger-than-normal compressor overboard bleed; however, analysis 
on this method indicated an increase in idle fuel consumption of 20%. 

The use of air-atomizing nozzles reduced the THC emissions by 2 to 1. 

The effect of combustor reference Mach number was dependent on the test con- 
ditions and the type of fuel zoning employed. In general, decreasing reference 
Mach number reduced THC and CO emissions. Increasing combustor inlet 
temperature reduced THC and CO emissions. 

The NO emission index was small, being less than 2. 0 lb m /1000 lb m fuel 
(g/kg) at all test conditions and fuel injection modes. 
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INTRODUCTION 


With the growing public concern over the quality of the air it breathes, 
Government agencies and private industry have begun to take action to reduce 
the emission of dangerous or objectionable materials into the atmosphere. Al- 
though the contribution of aircraft to the total pollution problem is small in 
relation to other sources (reference 4), the atmospheric pollution in and around 
air terminals is largely the result of aircraft operations (reference 5). During 
ground idle and taxi operations the primary objectionable exhaust emissions 
from gas turbine engines are carbon monoxide and unburned hydrocarbons 
(reference 6). These products are the result of poor combustion efficiency at 
the idle condition. The poor idle efficiency of current engines is due to low 
combustor inlet temperatures, low fuel/air ratios, inadequate fuel atomization 
and inadequate mixing of the fuel and air. 

One method of increasing combustion efficiency during idle is to increase 
the local fuel/air ratio in those regions where combustion is taking place. This 
can be accomplished by: (1) controlling the combustor airflow by some suitable 
means so as to alter the primary zone airflow to maintain a high primary zone 
fuel /air ratio, or (2) bleeding overboard large quantities of compressor dis- 
charge air at idle to raise the combustor fuel/air ratio, or (3) by zoning the fuel 
flow to obtain a locally high fuel/air ratio. The first course of action requires 
a variable area combustor, which is a major and complicated addition to any 
engine. The second method, while easy to design into a new engine, requires 
a major modification (new diffuser cases, etc. ) if it is to be retrofitted on an 
existing engine. This method also requires an increase in idle fuel flow to main- 
tain a constant idle thrust. The third method requires only a relatively minor 
addition to the fuel control system. For this reason, fuel zoning was selected for 
study since it offers a quick, practical method of reducing the THC and CO emis- 
sion levels during idle and taxi operation on both new and existing engines. 

In addition to fuel zoning, the method by which fuel is injected into the 
combustor can influence the emissions of THC and CO. Data reported in the 
literature (references 7 and 8) show that these emissions can be reduced by using 
air atomizing nozzles. Since a change in fuel nozzles represents a relatively 
minor engine modification, two types of air atomizing nozzles were investigated. 

The test program was conducted at the Pratt & Whitney Aircraft Florida 
Research and Development Center in a full-scale rig that was a quarter section 
of a full annulus. 


SCOPE OF THE INVESTIGATION 

The emission levels of unburned hydrocarbons, carbon monoxide, carbon 
dioxide and nitric oxide were determined in a double-annular combustor operating 
at simulated idle conditions. The effects of fuel zoning, fuel nozzle design, and 
operating conditions on these emissions were determined. 

Fuel Zoning 

Two methods of fuel zoning were investigated in addition to the normal mode 
(all nozzles flowing). They were: 

1. Radial zoning, all of the fuel was injected into the inner com- 
bustion zone of the double-annular combustor. 
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Circumferential zoning, all of the fuel was injected through 
every other nozzle in both the inner and outer combustion 
zones. The outer zone nozzles were staggered relative to 
the inner zone nozzles. See figure 1. 

Fuel Nozzles 

Three types of fuel nozzles were studied. They were: 

1. A conventional pressure atomizing nozzle as shown in figure 2. 
This nozzle was used with the axial flow swirler shown in the 
figure. The flow curve for this nozzle is shown in figure 3. 

2. An air blast type air atomizing nozzle as shown in figure 4. 
This type nozzle atomizes the fuel with a stream of high 
velocity air. The airflow driving potential is simply com- 
bustor pressure drop. The fuel flow curve is shown in 
figure 3. 

3. An air assist type air atomizing nozzle as shown in figure 5. 
This type nozzle also atomizes the fuel with a stream of 
high velocity air, however, the nozzle airflow is provided 
by an external source. The fuel flow curve is shown in 
figure 3. 



Figure 1. Staggered Circumferential Fuel Zoning 


FD 63821 
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Figure 3. Nozzle Fuel Flow Curves 
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Figure 4, Air Blast Nozzle 
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Measured Parameters 


The test rig was instrumented to measure the following: 

1. Combustor airflow 

2. Combustor fuel flow 

3. Inlet total and static pressure 

4. Inlet total temperature 

5. Outlet total temperature 

6. Outlet total pressure (outlet static pressure was calculated) 

7. Exhaust emission species C02» CO, THC and NO at two 
locations in the test rig. One location was in the exhaust duct 
at a distance of 13 L/D's downstream of the combustor outlet 
and the other was at the combustor outlet. 

Test Conditions 

The test conditions used in the program were designed to cover the range 
of ground idle conditions observed on many turbo jet/turbofan engines in use or 
under development. All of the testing was conducted at an inlet total pressure 
of 2 atmospheres. The remaining test parameters were: 

1. Inlet total temperature - 200° to 350 °F (367° to 450 °K) 

2. Reference Mach number - 0. 06 to 0. 08 

3. Fuel/Air Ratio - 0.007 to 0.014 

COMBUSTOR DESIGN 
Combustor 

The combustor used in this program was a double-annular ram-induction 
combustor. This term was coined from the general design details of the com- 
bustor as well as the fundamental process by which air is admitted into the 
combustion zone. The combustor was constructed with two annular combustion 
zones arranged concentrically around each other. This arrangement increases 
the effective length to height ratio of the combustor thus allowing considerable 
reductions in combustion length to be realized. Each combustion annulus had its 
own separate fuel supply. In contrast with more conventional systems in which 
air is made to flow into the combustion zone by a static pressure difference across 
the combustor walls, the air in this combustor is forced into the combustor by the 
ram pressure of the inlet flow. The air entry ports are constructed as vaned 
turning elbows or scoops to aid in efficiently turning the air into the combustor. 
Figure 6 is a cross section of a typical double-annular ram-induction combustor. 

A more complete description of the ram-induction concept is presented in ref- 
erence 9. 
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The test combustor (figure 7) had an effective flow area of approximately 
256 in?, (0. 165m 2 ). The area distribution is shown in figure 8. The combustor 
had 256 scoops in a full annular design with 32 scoops in the primary and 32 in 
the secondary for each liner air entry. The scoop pattern was fully staggered 
as shown in figure 9 with the pattern repeating for each nozzle spacing. The 
primary scoops on the inner liner of the ID annulus and on the outer liner of the 
OD annulus were fitted with shroud capture hoods (figure 10) to aid in turning 
the air into the primary zone. 


Diffuser 

The diffuser used with this combustor (figure 11) is defined as a 7 deg 
(0. 122 rad) equivalent conical angle (ECA, Appendix A for definition) snout-type 
diffuser. As shown in figure 11, the combustor inner and outer liners were 
extended into the diffuser thus providing three flow paths. The bulk of the dif- 
fusion occurred in the region from the diffuser inlet to the snout inlet. Diffusion 
was at a rate of 7 deg (0. 122 rad) giving an area ratio of 1.245. Some additional 
diffusion was provided in the snout center passage to reduce dump losses. The 
snout inner and outer wails were contoured so that there, was no diffusion in the 
inner and outer passages. 



Figure 6. Ram Induction Concept in a Double- FD 36572B 

Annular Combustor 
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Figure 7. Test Combustor (View of Annular 
Segment, Looking Upstream) 
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Figure 8. Flow Area Distribution of Test 
Combustor (Percent) 


FD 31997A 


9 




5 deg 37 min 30 sec 
<0.098 rad) 


q Primary Scoops 
□ Secondary Scoops 
O fuel Nozzle Locations 


Figure 9, Staggered Scoop Pattern 
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Figure 10. Capture Hoods (View of Annular FE 100223C 

Segment, Looking Downstream) 
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Figure 11. 7-deg (0.122-rad) ECA Snout-Type FD 56939B 

Diffuser 
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CALCULATIONS 


Performance calculations included the determination of Reference Mach 
number, combustion efficiency, total pressure loss, the outlet temperature 
uniformity parameter, TPF, exhaust specie emission indices, and fuel/air 
ratio from the measured concentrations of COg, CO, and THC. 

Reference Mach Number 

Reference Mach number is calculated from continuity using the average 
inlet static pressure and assuming one-dimensional isentropic flow. Therefore, 
the Reference Mach number is determined by 



where: 


M = Mach number 
W a = Airflow 

Tj-g = Average diffuser inlet total temperature 
P s 3 = Average diffuser inlet static pressure 
A = Area 

y - Ratio of specific heats 
R = Gas constant 

The numerical subscripts refer to engine station. The subscript "REF" refers 
to reference area. The reference area is defined as the annular area between 
the inner and outer combustor shrouds. The reference area is equal to 711 in? 
(0.459 m^) in a full-annular combustor. 

Combustion Efficiency 

Combustion efficiency is defined as the ratio of the measured temperature 
rise to the theoretical temperature rise. The theoretical rise is calculated from 
the fuel/air ratio (based on measured quantities of fuel and air flow), fuel proper- 
ties, and inlet temperature. The efficiency is expressed as: 


Eff 


mb 


T - T 

t4m t3 

T - T 

t4w t3 


(3) 
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where: 


Eff 


mb 


Combustion efficiency 

1 t4m = Mass weighted average of 105 outlet total temperatures 
T t4w = T ^ eoretica l outlet total temperature 

Total Pressure Loss 

The combined diffuser -combustor total pressure loss is given by: 


where: 


AP 

P 


P t4 P t3 
P t3 


( 4 ) 


AP 


= Total pressure loss expressed as a percentage of inlet 


total pressure 

P t3 = Mass weighted average of 25 diffuser inlet total pressures 
P^ = Mass weighted average of 105 combustor outlet total pressures 

Outlet Temperature Pattern Factor (TPF) 

Outlet Temperature Pattern Factor (TPF) is defined as the ratio of the 
maximum positive deviation from the average outlet temperature to the average 
temperature rise, or: 


where: 


TPF = 


T - T 

t4 max t4 


t4 


t3 


( 5 ) 


TPF = Temperature pattern factor 

T,. = Maximum temperature at any location in the 

max combustor outlet 


t4 


= Average combustor outlet temperature 


Outlet Radial Temperature Profile 


Outlet Radial Temperature Profile is determined from the average of 
21 outlet total temperatures measured circumferentially at each of 5 radial 
positions. 
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Exhaust Specie Emission Index 

Exhaust Specie Emission Index is defined as the lb m (grams) of any exhaust 
specie per 1000 lb m (kilograms) of fuel burned. 

When the specie is measured as ppm by volume the El is given by: 



where : 

El = Emission index, lb (g) of specie per 1000 lb (kg) 
of fuel 

X = Volume concentration of specie, ppm 
s 

M g = Molecular weight of specie 

M = Molecular weight of exhaust gases =■ molecular 
weight of air 

f/a = Fuel/air ratio (from measured values of fuel 
and air flow) 

If the exhaust specie is measured in percent volume then the El is given by: 



Where the volume concentration, X g , is expressed as a volume percent. 

Fuel/Air Ratio Calculated From Exhaust Emission Measurements 

The combustor fuel/air ratio was calculated from the concentrations of 
CO 2 , CO and THC by the following equation: 



where: 

THC = Concentration of hydrocarbons in ppmv (wet basis) 
CO = Concentration of CO in ppmv (dry basis) 

C0 2 = Concentration of C0 2 in % (dry basis) 
f/a = Fuel/air ratio 
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H/C = Hydrogen/carbon ratio of fuel 

M = Molecular weight of carbon 
c 

Mft = Molecular weight of hydrogen 

M = Molecular weight of air 
a 

This equation was derived assuming: 

1. Dry intake air 

2. No free Hg in exhaust 

3. Hydrogen/carbon ratio of unburned hydrocarbons equals the 
hydrogen/carbon ratio of fuel. Also, the molecular weight 
of the unburned hydrocarbons equals the molecular weight 
of the fuel. 

4. The combustion of the fuel in air yields only the products CO, 

CO 2 , C a Hb, H 2 0, 0 2 , NO and N 2 

5. The perfect gas law applies. 

RESULTS AND DISCUSSIONS 

An exhaust emission survey has been conducted on a double-annular ram- 
induction combustor operating at simulated ground idle conditions. Measure- 
ments of CO, C0 2 , THC, and NO were made. Various methods of reducing the 
emissions of CO and THC were investigated. These included: (1) fuel zoning, 
(2) fuel nozzle design, and (3) operating conditions. The results, that are dis- 
cussed below, are summarized in table I. Two methods of extracting gas 
samples from the flow were investigated and the results compared. 

Fuel Zoning 


THC Emissions 

Figure 12 shows that radial fuel zoning reduced the emission levels of THC 
by over 5 to 1. This result was obtained with the simplex nozzles operating in 
the radial (ID annulus only) injection mode. For a given overall combustor 
fuel/air ratio each ID annulus fuel nozzle was flowing twice the amount of fuel 
that it would normally flow if both OD and ID annuli were operating. The test 
condition was set at T ^3 — 200 0 to 226 °F (366 0 to 381 °K), Mpjjp — 0. 057 - 0. 060 
and fuel/air ratio = 0. 007 - 0. 008. As the fuel/air ratio was increased the 
effects of fuel zoning became less, as expected, until at the 0.014 f/a point there 
was no benefit in zoning the fuel flow. 
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The staggered circumferential zoning (figure 1) did not reduce the THC 
emissions as well. This is probably due to excessive quenching of the combustion 
process brought about by the very large nozzle spacing of this arrangement. Each 
pocket of burning gases is completely surrounded by a region of cold, nonreacting 
gases. Consequently, heat rejection to the surroundings is increased, resulting 
in premature quenching of the flame. By radially zoning the fuel to the inner 
annulus the exposure of the hot combustion gases to cold surroundings is greatly 
reduced. This suggests that circumferential zoning of the type shown in fig- 
ure 13 would result in a reduction of THC emissions comparable to that of radial 
zoning. 



Figure 13. One Method of Circumferential Fuel FD 63823 

Zoning 

CO Emissions 

The effect of fuel zoning on the emission levels of CO was quite different. 

At the 0.007 f/a test points, normal mode fuel injection (all nozzles flowing) 
produced the lowest CO emissions. As the fuel flow was increased the normal 
mode emission level increased to a peak at a f/a around 0. 010, after which it 
began to fall, whereas in the radially zoned mode the emission level was highest 
at the 0. 007 f/a and decreased with increasing f/a. The reason for this difference 
in CO emissions between the zoned and unzoned injection modes can be explained 
by examining the behavior of the combustion efficiency with f/a. Figure 14 is a 
plot of combustion efficiency for the test points of figure 12. The normal mode 
efficiency at the 0. 007 f/a point is so low (35%) that the bulk of the fuel passed 
out of the combustor unburned, consequently, very little CO was produced. As 
the f/a (and efficiency) increased, the production of CO increased. At a f/a of 
approximately 0. 010, the oxidation rate of CO to COg became large enough to 
result in a decrease in CO. When the fuel is zoned, the combustion efficiency 
at the low f/a point is improved to the point where a larger production of CO 
results. 
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DF 92629 


Figure 14. Effect of Fuel Zoning on Combustion 
Efficiency 


A possible problem associated with fuel zoning is the effect of the distorted 
outlet radial or circumferential temperature profiles on the structural integrity 
of an engine’s hot sections. Figure 15 is a plot of the radial temperature profile 
obtained with the radially zoned injection mode at a f/a of 0. 014. The profile 
distortion is not severe and the maximum profile temperature is well within the 
capabilities of current turbine materials. 

Fuel Nozzles 

Three types of fuel nozzles were investigated. They were: (1) a simplex- 
type pressure atomizing nozzle, (2) an air blast air atomizing nozzle, and (3) an 
air assist air atomizing nozzle. For the sake of clarity, the differentiation 
between air blast and air assist nozzles is presented again. Air blast refers to 
those air atomizing nozzles that operate on combustor pressure drop. Air 
assist refers to those air atomizing nozzles that receive their atomizing air 
from an external source. 
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Figure 15. Outlet Radial Temperature Profile, DF 92675 

Radially Zoned Fuel Injection 

A comparison of the results obtained from each of the three nozzles is 
shown in figure 16. The nozzles were operating in the normal fuel injection 
mode at an inlet temperature between 217°F and 242 °F (376°K and 390°K). The 
reference Mach number was between 0. 080 and 0. 082. The air assist nozzle 
was operated with a nozzle air pressure drop of 20 psi (13. 8 x 10^ N/m^). 

At the lower f/a test point, both of the air atomizing nozzles gave lower 
THC emissions. The data of figure 16 show that reductions in THC emissions 
of 2 to 1 were obtained with the air-atomizing nozzles. The CO emissions 
followed the same trend described in the discussion of fuel zoning. As the f/a 
was increased the performance of the air blast nozzle became worse in relation 
to the other nozzles. This is apparently due to the test procedure. The tests 
were conducted at a constant airflow and pressure at all fuel/air ratios, con- 
sequently, the air energy available for atomization was constant. As the fuel 
flow was increased the air atomization energy per unit of fuel flow decreased. 
This resulted in a decrease in atomization quality with increasing fuel flow. 

This indicates that fuel zoning would not be as effective with this nozzle as with 
the Simplex nozzle. Zoned fuel injection tests with the air blast nozzle were not 
conducted. The air assist nozzle did not suffer from this because a portion of 
the fuel atomization was accomplished conventionally by fuel pressure drop; as 
fuel flow was increased the pressure atomizing energy also increased. 
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Figure 16. Comparison of Emission Characteristics DF 92673 
of Three Fuel Nozzle Types Using Normal 
Fuel Injection Mode: Data Obtained With 
Fixed Rake Only 
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The effect of air assist nozzle air pressure drop is shown in figure 17. 

The THC emission index is plotted against fuel/air ratio for various air assist 
pressure drops. Figure 17 shows that increasing the nozzle airflow reduced 
the THC emissions. 

A comparison of the air assist and Simplex nozzles operating in the radially 
zoned fuel injection mode is shown in figure 18. The data were obtained at the 
low inlet temperature (200 °F, 367 °K) and high reference Mach number (0. 08) 
test condition. Two important points are evident in the data: (1) by fuel zoning, 
the Simplex nozzles achieved emission levels as low as those achieved with the 
air assist nozzles without their attendant complexities, and (2) the fuel loading 
in the inner combustion zone has exceeded the maximum allowable for peak 
efficiency. That this should occur at such a relatively low f/a ratio is evidently 
due to the high reference Mach number and the low inlet temperature. At the high 
reference Mach number the residence time is reduced; there is less time for fuel 
vaporization, ignition and reaction. The low inlet temperature inhibits fuel vapor- 
ization and reduces the chemical reaction rate. Together these two effects act to 
reduce the allowable fuel loading for peak efficiency. 


AIR ASSIST AP - psi (N/cm 2 ) 

SPTo" - C ) 

<13*> (&9) (0) 



Figure 17. Effect of Air Assist AP on THC 
Emission Levels 
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Figure 18. Comparison of Simplex and Air-Assist 
Nozzles, Radially Zoned Fuel Injection: 
Data Obtained With Fixed Rake Only 











Inlet Temperature and Reference Mach Number 

The effect of inlet temperature and reference Mach number (Mref) on THC 
emissions is presented in figures 19 and 20. Figure 19 is plotted for the Simplex 
nozzles in the radially zoned mode. Figure 20 is plotted for the Simplex nozzles 
in the normal mode. The data of both figures show that an increase in inlet tem- 
perature reduces THC emissions. This is the result of an improvement in fuel 
vaporization and an increase in chemical reaction rate brought about by the higher 
temperature. The effect of Mref is not so clear cut. In the radially zoned in- 
jection mode an increase in MreF resulted in an increase in THC emissions. 
However, in the normal injection mode the THC emissions decreased with in- 
creasing MreF* This shift in the influence of Mref on the THC emissions is 
apparently due to the decrease in fuel atomization brought about by the lower fuel 
flows at the lower Mref* 


Nitric Oxide Emissions 

The data for nitric oxide are very scattered as table I shows. Little can 
be discerned in the data except that the emissions are very low, less than 2 lb m / 
1000 lb m fuel (g/kg fuel). 


Compressor Bleed 

As stated in the introduction, idle emissions of THC and CO can be reduced 
by bleeding overboard large quantities of compressor discharge air. This raises 
the combustor fuel/air ratio, thus raising the combustion efficiency and lowering 
the levels of the emissions. However, idle fuel consumption is increased if 
idle thrust is maintained. Figure 21 shows the increase in fuel flow required 
for a P&WA™ JT8D-9 turbofan engine to maintain a constant thrust of 840 lb 
(3737N) for overboard bleeds up to 30%. At the above thrust level an overboard 
bleed of 30% gives a combustor fuel/air ratio of 0.014, which is high enough 
to effect considerable reductions in THC and CO emissions. This combustor 
study showed a reduction in THC emission index from 500 to 30 when the f/a 
was increased from 0. 007 to 0. 014. Depending on customer service bleed re- 
quirements, an overboard bleed of 30% requires almost a 20% increase in idle 
fuel flow. However, idle fuel consumption is such a small portion of aircraft 
operating expense that this is not a large increase in overall cost. A more 
significant expense, as far as current engines are concerned, is the retrofitting 
of new or modified diffuser cases to provide the higher bleed flows. For future 
engines, no significant cost increase should result if this feature is included in 
the original design. 
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Figure 20. Effect of Inlet Temperature and Reference DF 92631 
Mach Number on THC Emission Index, 

Simplex Nozzles Normal Mode 
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Figure 21. Fuel Flow vs Percent Bleed - P&WA DF 92676 

JT8D-9 Turbofan Engine 

Sampling Technique 

Gas samples were extracted from the exhaust stream at two locations: 

(1) at the combustor outlet and (2) in the test rig exhaust duct approximately 13 
duct L/D's downstream from the combustor outlet. At the combustor outlet 
the sample was obtained by traversing with a 5-point, air-cooled rake. A more 
complete description of the sampling equipment is presented in Appendix C. The 
five sampling tips were connected to a common manifold so that an average radial 
sample was obtained at each circumferential location. The sample was then 
volume weighted to account for temperature variations, and an average emission 
index for each exhaust-specie of interest calculated. In the exhaust duct the 
sample gas was extracted at a fixed location with a 5-point, air-cooled rake. The 
sample points were uniformly spaced across the duct. 

Although traversing the combustor outlet is the most accurate method of 
obtaining emission data, it is a time consuming process. Test time was almost 
doubled when a sample traverse was taken. Consequently, the primary reason 
for using the fixed rake was to reduce test time. Use of this rake may incur 
slight errors due to the increased reaction time provided by the additional duct 
length, and condensation of unburned hydrocarbons on the duct walls. To reduce 
the latter, the exhaust duct was uncooled for most of the tests except in the imme- 
diate vicinity of the combustor outlet. A comparison of the THC and CO 2 data 
obtained with each rake is shown in figures 22 and 23. The data from the fixed 
rake are within 10% of being in exact correspondence with the traversing rake. 
Consequently, most of the data taken during the test program were obtained with 
the fixed exhaust duct rake. 
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Figure 22. Comparison of THC Emission DF 92625 
Indices for Fixed and Traversing 
Rakes 


Figure 23. Comparison of CO2 Emission DF 92626 

Indices for Fixed and Traversing 
Rakes 


to 

-q 



Figure 24 shows typical circumferential profiles of emission index for the 
various exhaust species measured during the program. The data were taken with 
the traversing rake during test No. 235 (table I). Note the extreme variation in 
the emission indices across the combustor outlet. If fixed sampling rakes were 
randomly installed across the combustor outlet the errors in the data could have 
been as large as 167% for the example given. 
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Figure 24. Circumferential Profiles of Exhaust 
Indices, Test No. 235 


DF 94460 



I 


A measure of the accuracy of the emission data is presented in figure 25. 
The bulk of the sample calculated fuel/air ratios fall within 10% of the fuel/air 
ratios determined from measured fuel and airflows. 



Figure 25. Comparison of f/a Calculated From DF 92627 

Emission Data With f/a Calculated 
From Measured Fuel and Airflows 
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SUMMARY OF RESULTS 

An exhaust emission survey has been conducted on a double -annular ram- 
induction combustor operating at simulated ground idle conditions. The emission 
levels of CO, CO 2 , unburned hydrocarbons and NO were measured. Various 
means of reducing these emissions were investigated including (1) fuel zoning, 

(2) fuel nozzle design and (3) operating conditions. Following is a summary of the 
important results: 

1. Fuel zoning is an excellent method of reducing the emissions of 
CO and unburned hydrocarbons. By radially zoning the fuel flow 
(passing all of the fuel through the inner combustion annulus) a 
reduction in unburned hydrocarbon emissions of 5 to 1 was 
demonstrated. 

2. To achieve the best results with fuel zoning, widely separated 
pockets of burning gases should be avoided since this causes 
premature quenching of the flame. 

3. Use of air atomizing nozzles can reduce idle emissions of 
unburned hydrocarbons and CO. Reductions in hydrocarbon 
emissions of 2 to 1 were demonstrated. 

4. The air blast nozzle suffered from a decrease in fuel atomi- 
zation with increasing fuel flow due to the constant airflow 
and pressure test condition. This result indicates that fuel 
zoning would be less effective with this type of nozzle. 

5. The THC emission levels obtained with the Simplex nozzles used 
herein in the radially zoned fuel injection mode were as low as those 
obtained with the air assist nozzles in the same fuel zoning mode. 

6. Increasing the combustor inlet air temperature decreases 
the THC and CO emission levels. 

7. The effect of combustor reference Mach number on the 
emission levels of CO and THC is dependent upon the change 
in fuel atomization quality with changing Mach number. If 
the atomization quality remains high a decrease in reference 
Mach number results in a decrease in the above emissions. 

If, however, the fuel atomization quality deteriorates signifi- 
cantly with a decrease in reference Mach number, because 
of lower required fuel flow, the emissions will increase. 

8. The outlet radial temperature profile obtained with the radially 
zoned fuel injection mode poses no problem to the structural 
integrity of an engine’s hot sections. 

9. The nitric oxide emissions were low (less than 2. 0 lb m / 

1000 lb m fuel (gAg) for all test conditions and fuel 
injection modes. 
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10. A reduction in hydrocarbon emissions similar to that obtained 
with fuel zoning should also be obtainable by operating with 
higher-than-normal compressor bleed flow. However, analysis 
indicates a 20% increase in idle fuel consumption is incurred 
with this approach. 

11. Large circumferential variations in emission levels were 
observed at the combustor outlet. Accurate emission 
measurements can be obtained at the combustor outlet only 
by traversing the entire outlet or using a very large number 
of stationary probes. 
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APPENDIX A 

EQUIVALENT CONICAL ANGLE 
Definition 


The equivalent conical angle (ECA) is defined as the included angle of a 
conical diffuser that has the same area ratio, inlet area, and wetted surface 
area as the diffuser under investigation. For annular diffusers, ECA may be 
approximated by the following equation: 


ECA = 2 tan 



7l"L (R^ + Rg + Rg + R 4 ) 


where the symbols are defined by : 



Application 

The above equation for ECA does not consider the presence of struts in 
the diffusing passage. The equation was used only to arrive at an area ratio for 
a given ECA and diffusing length assuming that no struts were in the passage. 

In adding struts, the diffuser wall exit radii were adjusted to maintain the same 
area ratio. 
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APPENDIX B 

TEST FACILITY AND TEST RIG DESCRIPTION 
Test Facility 

All combustion tests were conducted on test stand D-33B at the P&WA 
Florida Research and Development Center. Combustion air was supplied by 
bleeding the compressor discharge of a JT4 turbojet engine. Airflow rate was 
controlled by a pneumatically operated 10 in. (25.4 cm) inlet butterfly valve 
with vernier control by a 4 in. (10. 16 cm) pneumatically operated supply line 
bleed valve. 

The test stand fuel system was capable of supplying each of three com- 
bustion zones with 300 pph (136. 08 kg/hr) of ASTM-A1 type fuel at 750 psig 
(517 N/cm^) fuel pressure. Control room monitoring of fuel pressure and 
temperature was provided for each zone. 

The test facility had high pressure air service available for cooling the 
gas sample rakes. 


Test Rig Description 

A brief description of the major components of the combustor test rig is 
presented below. For reference, a cross section of the rig is presented in 
figure 26. The rig was constructed entirely of AISI type 300 Series stainless 
steel. 



Figure 26. Double-Annular Combustor Test Rig FD 13874D 

Flow Straightener 

This section was designed to smooth out any irregularities in rig inlet air- 
flow and to provide a near stagnation region for accurate measurement of inlet 
total pressure and temperature. The flow straightener was fabricated from a 
12 in. (30.480 cm) diameter cylinder 24 in. (60.960 cm) long. A bank of 
1.5 in. (3.81 cm) diameter tubes 12 in. (30.480 cm) long was used to straighten 
the inlet airflow. 
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Venturi 


This section provided accurate airflow measurement with minimum pres- 
sure loss. The rig airflow entered through a constant radius inlet to a 4. 7483 in. 
(12.0607 cm) diameter throat. Transition from the venturi throat to the preheater 
inlet was provided by a conical diffusing section 40. 840 in. (103. 7 cm) long with 
a 12 deg, 31 min (0.218-rad) included angle. 

Preheater 

The preheater was not used in this portion of the test program. The inlet 
temperature to the combustor was simply that obtained from the JT4 slave engine 
compressor bleed air. 


Plenum Chamber 

The plenum chamber functioned to provide airflow to the rig test section at 
uniform temperature and pressure. This was accomplished by discharging the 
airflow from the preheater through a multihole flow spreader into a large volume 
container. The plenum was fabricated from a cylinder 29.250 in. (74.295 cm) 
in diameter and 48 in. (121. 920 cm) long. To ensure a uniform profile into the 
rig test section, a bellmouth flange was incorporated to transition from the 
plenum exit area to the test section inlet area. Bosses were installed near the 
exit of the plenum for the installation of temperature sensors to measure the 
combustor inlet temperature. 

Instrumentation Section 

This section housed the instrumentation. used to determine the diffuser inlet 
total pressure, static pressure, and pressure profiles. It was designed to 
simulate a quarter section of the compressor discharge of a full-scale engine. 

Diffuser-Combustor Case 

This section housed the combustor hardware and functioned to direct the 
inlet airflow into the combustor liners. 

Traverse Case 

This section housed the outlet temperature and pressure traversing rake 
and the traversing gas sample rake. 

Exhaust Duct 

This section housed the fixed gas sample rake. It was sufficiently long to 
thoroughly mix the exhaust gases and to develop a uniform flow profile. 

Exhaust Valve 

This was an electrically driven valve used to back pressure the test rig. 
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APPENDIX C 
INSTRUMENTATION 

Basic Performance Instrumentation 

Instrumentation was provided to measure the following parameters. 

1. Combustor airflow 

2. Fuel flow for each combustion zone (combustor outer and 
inner annuli) 

3. Fuel temperature and pressure for each zone 

4. Combustor inlet total temperature, total pressure and static 
pressure 

5. Combustor outlet total temperature and pressure. The 
outlet static pressure was assumed to be ambient. 

6. Miscellaneous diffuser and combustor total and static pres- 
sures. 

A cross section of the test rig, showing the location of the various instru- 
mentation planes, is shown in figure 27. A brief description of the instrumenta- 
tion and monitoring equipment used is described below. 

Airflow 

As mentioned in the section on test rig hardware (Appendix B), the com- 
bustor airflow was measured with a venturi meter. The inlet total temperature 
and pressure sensors were located in the flow straightener approximately 12 in. 
(30.480 cm) upstream of the venturi throat. Two chromel-alumel, shielded 
thermocouples spaced 180 deg (3. 141 rad) apart measured total temperature, 
and two kiel-type pressure probes spaced 180 deg (3. 141 rad) apart measured 
total pressure. The static pressure at the venturi throat was measured with 
two wall taps spaced 180 deg (3. 141 rad) apart. 

The venturi inlet temperature was monitored on a 0°F to 1600° F (255.4° K 
to 1144. 3 ° K) indicating potentiometer, and the total and static pressures on 
0 to 80 in. (0 to 2. 03 m) mercury-filled, U-type manometers. 

Fuel Flow 


Fuel flow to each of the two combustion zones was measured by turbine- 
type flowmeters. The data frpm these meters were monitored on a 5 -channel, 
preset digital counter. Fuel temperature was measured by a chromel-alumel 
immersion thermocouple and monitored on an indicating potentiometer. Fuel 
pressures were measured by wall static pressure taps located in the inlet supply 
lines and were monitored on 0 to 1000 psig (0 to 699. 6 N/cm^) pressure gages. 
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Test Section Inlet 


Instrumentation to measure airflow properties at the test section inlet 
included: 

1. Four, shielded, chromel-alumel thermocouples located as 
shown in figure 27. These thermocouples were monitored on 
a 0 to 1600 °F (225. 4 °K to 1144.3 °K) indicating potentiometer. 

2. Five, 5-point, total pressure rakes (figure 28) located as 
shown in figure 27. The data from these rakes were 
monitored on 0 to 80 in. (0 to 2.03 m), mercury-filled 
U-type manometers. 

3. Five wall static pressure taps located as shown in figure 27. 
The data from these sensors were monitored on 0 to 80 in. 

(0 to 2. 03 m), mercury-filled, U-type manometers. 



Figure 28. 5 -Point Inlet Total Pressure Rake FE 92891 

Combustor Outlet 

Airflow properties at the combustor outlet were measured with a 5 -point 
total temperature and pressure rake (figure 29). The temperature measure- 
ments were obtained with aspirated platinum - 20% rhodium/platinum - 
5% rhodium thermocouples. The pressure difference between test pressure 
and ambient served to aspirate the thermocouples. The temperature data were 
taken in 3 deg (0.052 rad) increments across the combustor outlet and were 
measured on 0-10 millivolt digital voltmeter. 

The outlet total pressure was measured by the five 1/8 in. OD tubes shown 
in figure 28. These tubes were cupped on the end to increase the acceptance 
angle at which accurate data could be obtained. These pressure data were 
measured on 0 to 80 in. (0 to 2.03 m), mercury-filled, U-type manometers. 

The outlet static pressure was calculated using measured airflow, total pres- 
sure and temperature. 
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Figure 29. Outlet Total Temperature and Total FE 55370 

Pressure Rake 


Gas Sample Instrumentation 

Exhaust gas samples were extracted from the test rig at two locations: 

(1) in the exhaust duct 13 L/D's downstream from the combustor outlet and 

(2) at the combustor outlet. 

Described below are the rakes used in collecting the samples and the 
equipment used to measure the concentrations of the exhaust species of 
interest. 


Fixed Exhaust Duct Gas Sampling Rake 

This rake, figure 30, was a 5 -point rake with all the sample ports connected 
to a common manifold. The probe was constructed as a double-walled tube, the 
center tube being the gas sample manifold. High pressure air at approximately 
100° F (311 °K) is passed through the annular passage between the sample mani- 
fold and the outer tube to cool both the probe and the sample gas. The cooling 
airflow was regulated to maintain the sample temperature within 300 to 400 °F 
(422 to 478 °K). 
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Sample Gas Out 


Cooling Air In 


Cooling Air In 



Air Out 


Figure 30. Exhaust Enclosure Stationary Gas 
Sampling Probe 


FD 47396A 



Traversing Gas Sampling Rake 

This rake, figure 31, was a 5-point rake with all of the sample ports 
connected to a common manifold. As shown, the rake attached directly to the 
total temperature rake so the same actuating mechanism could drive both rakes. 
The sample ports were spaced at the same radial locations as the temperature 
and pressure sensors. The sample rake was mounted 6 deg from the temper- 
ature and pressure rake. Since data were taken in 3 deg increments, temper- 
ature and pressure data were available at each sample point. From this the 
sample data could be volume weighted to account for temperature and pressure 
variations across the combustor outlet. The sample gas was cooled in the 
same manner as the fixed exhaust duct rake. The sample manifold tube was 
placed inside another tube and high pressure cooling air was passed through 
the annular gap between the two. The cooling airflow could be regulated to 
maintain the sample temperature within 300 to 400 °F (422 to 478 °K). This 
assembly was placed in a water-cooled housing to protect it from locally high 
temperatures which result from zoned fuel injection. 

Sample Transfer Line 

The sample transfer line (figure 32) was an electrically heated teflon line 
approximately 10 ft (3.048 m) long. The line was insulated with foam rubber and 
asbestos insulation. A plastic tube outer covering served as a weather protection. 

Sample Analyzing Instrumentation 

The sample measuring instruments used in the program were all of the 
on-line continuous monitoring types. The concentration of unburned hydro- 
carbons was determined with a flame ionization detector (FID). The concen- 
trations of CO, CO 2 and NO were measured with NDIR (Nondispersive Infrared) 
instruments. The concentrations of NO 2 , when taken, were obtained with a 
NDUV (Nondispersive Ultraviolet) instrument. These instruments were mounted 
on a mobile cart (figure 33) to place them as close to the test rig as possible. 

A plumbing schematic of the equipment cart is shown in figure 34. 


* 
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Gas Sampling Rake 


Journal Assembly 


Sample Cooling 
Air In 


'V* 


■5 Point Pt-20Rh/Pt-5Rh 
Total Temperature and 
Pressure Rake 


Sample 
Gas Out 


Sample \ 
Goofing 
Air Out 


Figure 31. Traverse Rake Assembly 




FD 63827 



Asbestos Insulation 



Plastic Tube for Weather Protection 
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Foam Rubber Insulation 



■ Teflon Sample Tube 

■ Electric Heating Wire 


Figure 32. Cross Section of Sample Transfer Line FD 63828 



Figure 33. Gas Analysis Equipment Cart 


FC 25301 
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1. laMICRON FILTER 6. CALIBRATION GAS 11. CARBON MONOXIDE ANALYZER 

2. DIERITE CYLINDER 7. HYDROCARBON ANALYZER 12. CARBON DIOXIDE ANALYZER 

3. PARTICULATE TRAP 8. WATER VAPOR ANALYZER 13. COOLING COIL AND ICE BATH 


4. CALIBRATED ORIFICES 9. NITRIC OXIDE ANALYZER 14. WATER SAMPLE TAP 

5. OVEN TEMPERATURE 10. NITROGEN OXIDE ANALYZER 15. 50-MICRON FILTER 

0 TEMPERATURE SENSOR 0 PRESSURE SENSOR 


Figure 34. Flow Schematic - Gas Analysis FD 58417 

Equipment Cart 
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